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Urbanization is quickly changing natural and agricultural landscapes, with consequences
for the herbivorous arthropods dwelling in or near cities. Here, we review the evidence for
the effects of urbanization on the ecology and evolution of plant-herbivore interactions.
We first summarize how abiotic factors associated with urbanization affect the ecology
and evolution of herbivorous arthropods. Next, we explore how urbanization affects
plant-herbivore interactions, by considering how urban environments may disrupt
top-down and bottom-up ecological processes that affect herbivory. Abiotic changes
in the urban environment, such as the urban heat island effect, have caused shifts
in phenology for some herbivorous arthropods. Other abiotic changes in urban areas,
including water availability, pollution, and habitat fragmentation, have resulted in changes
to physiology, behavior, and population abundance. Native species richness tends
to decline in urban areas; however, changes in abundance appear to be species
specific. These shifts in ecology suggest that urbanization could affect both adaptive
and non-adaptive evolution of herbivorous arthropods and their host plants in urban
environments. However, plant-herbivore interactions may be dramatically altered if either
arthropods or plants are unable to tolerate urban environments. Thus, while some species
can physiologically acclimate or genetically adapt to the abiotic urban environment,
many species are expected to decline in abundance. We conclude with suggestions
for future research to advance our understanding of how urbanization alters the ecology
and evolution of plant-herbivore interactions.

Keywords: urban, plant-arthropod herbivore interaction, ecological processes, eco-evolutionary feedbacks,
herbivorous arthropod

INTRODUCTION

The ecological and evolutionary interactions between plants and their herbivores are among the
most important interactions in nature. Arthropods have consumed plants for over 415 million
years (Labandeira, 2007), and their long history of coevolution has led to the diversification of a
broad array of phenotypes and species among both arthropods and plants (Ehrlich and Raven,
1964; Thompson, 1994; Althoff et al., 2014). In contemporary communities, nearly 75% of the total
biodiversity and biomass of extant macro-organisms is comprised of plants and their herbivores
(Strong et al., 1984; Wilson, 2001). Herbivores are responsible for consuming 5-20% of the total
biomass produced annually (Cyr and Pace, 1993; Agrawal, 2011; Turcotte et al., 2014), making
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FIGURE 1 | Expected effects of urban environments on the ecology and
evolution of herbivorous arthropods. Moving from non-urban to urban
landscapes, there is an overall increase in the amount of pollution,
temperature, and habitat fragmentation. Each of these three factors influence
changes in the ecology of herbivorous arthropods, which in turn can influence
their evolution in a feedback loop.

them among the most important drivers of ecological and
ecosystem processes in natural and managed systems.

Urbanization alters natural and historically agricultural
landscapes with the development of cities, suburbs and
supporting infrastructure (McDonnell and Pickett, 1990; Faeth
et al, 2005). The novel, human built environment shows
commonalities in many features throughout the world, such as
high human population densities, increased impervious surface
(e.g., roads and buildings), elevated pollution (e.g., air quality,
light, soil), elevated temperatures (Oke, 1973; Ziter et al., 2019),
habitat degradation and fragmentation (Grimm et al., 2008;
Seto et al, 2011, 2012). However, cities also vary in some
characteristics, such as in city age, human population density,
urban infrastructure, city size, local climate, socioeconomics, and
government regulations (Grimm et al., 2008). These convergent
and divergent changes to urban environments create completely
novel ecosystems that are unlike any natural environment. These
manifold changes to the biotic and abiotic environments in
cities present new challenges to herbivorous arthropods, their
predators, and host plants, which can influence both the ecology
and evolution of plant-arthropod herbivore interactions in or
near cities (Figure 1).

Here, we review evidence for the effects of urbanization
on the ecology and evolution of arthropod herbivores and
their interactions with plants. We start by summarizing
advances in our understanding of how abiotic factors

associated with urbanization affect the ecology and evolution
of herbivorous arthropods. Next, we explore how urbanization
affects plant-herbivore interactions by considering how urban
environments may disrupt top-down and bottom-up ecological
and evolutionary processes that affect herbivory.

URBAN FACTORS THAT CAN INFLUENCE
ECOLOGY AND EVOLUTION

The urban heat island effect describes the phenomenon whereby
cities are warmer than non-urban areas (Oke, 1973; Arnfield,
2003), because of the increased impervious surfaces (e.g., asphalt
and concrete) and typically decreased tree cover in cities (Bowler
etal, 2010; Ziter et al., 2019). The asphalt and concrete that traps
heat can make cities warmer in the day and night throughout the
year, which can also extend warm seasons. This urban warming
can influence both thermal conditions and breeding seasons of
herbivorous arthropods and their predators (Imhoft et al., 2010).

Light and chemical pollution impose stresses on urban-
dwelling organisms (Isaksson, 2015). Light pollution alters
natural light cycles, which can disrupt circadian rhythms (Gaston
et al, 2013). Light pollution can also influence the behavior
and, consequently, the survival of arthropods that are attracted
to light. Chemical pollution encompasses the release of small
particulate matter including harmful airborne gases (e.g., CO, O3,
nitrogen oxides) (Isaksson, 2015), which can alter an organism’s
physiology and behavior, and even increase mutation rates (Yauk
and Quinn, 1996; Somers et al., 2002, 2004; Massad and Dyer,
2010). Chemical pollution can also provide nutrients to plants,
which influences bottom-up effects on herbivorous arthropods
(Martin and Stabler, 2002; Shochat, 2004; Raupp et al., 2010).

The expansion and development of urban areas degrades
and fragments the non-urban landscape. This urban expansion
decreases the total amount of available natural habitat and
increases the isolation of remnant non-urban habitat patches
within the urban matrix (Grimm et al., 2008). Organisms that
are unable to cross the urban matrix can become isolated and
are more likely to experience population declines (Grimm et al.,
2008). Such population declines may dramatically alter bottom-
up and top-down trophic dynamics within plant-herbivore
communities (Hope et al., 2003; McKinney, 2008; Aronson et al.,
2014; Figure 2).

HOW URBANIZATION AFFECTS
HERBIVOROUS ARTHROPODS

Urbanization leads to changes in multiple abiotic factors that
impact the ecology and evolution of herbivorous arthropods
that dwell in or near cities (Table 1). Here, we review how
urbanization changes the phenology, physiology, and behavior
of populations of herbivorous arthropods, as well as their
community assemblage. We then consider how urbanization
influences both adaptive and non-adaptive evolution of
herbivorous arthropods.
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FIGURE 2 | Bottom-up and top-down effects in urban environments. Solid gray line indicates process that benefits recipient, dashed black line indicates process that
harms recipient. The left panel illustrates the bottom-up effects on herbivorous arthropods under the two competing hypotheses: the Plant Stress Hypothesis, where
plants subject to stress may decrease investment in defenses and thus experience greater herbivore damage, and the Plant Vigor Hypothesis, where plants with more
growth are more attractive to herbivores and consequently suffer from greater herbivore attack. The right panel illustrates the top-down effects on

TABLE 1 | Examples of ecological and evolutionary responses to urbanization for herbivorous arthropods.

Response Urban factor Specific response

Species name

Climate type References

Phenology  UH Delayed emergence
UH Emerge early, long season
UH Emerge early, short season

Physiology ~ UH Higher thermal optimum

Multiple

Cereal leaf beetle (Oulema melanopus)
Tent caterpillar (Malacosoma disstria)
Multiple

Diamond et al., 2014
Evans et al., 2013
Schwartzberg et al., 2014
Hamblin et al., 2017
Andrade et al., 2017
Altermatt and Ebert, 2016

WA Abundance increase and better breeding Aphids (Aphididae)
Behavior P Reduced flight to light Ermine moth (Yponomeuta cagnagella)
WA Increased water seeking Multiple
Population  HF Increased abundance Azalea lace bug (Stephanitis pyrioides)
HF Increased abundance Horse chestnut scale (Pulvinaria regalis)
UH Increased abundance Scale insect (Melanaspis tenebriscosa)
Community HF Decline in abundance and richness Multiple
HF Increased generalist and exotic Multiple

Evolution HF

Gene flow (reduced), genetic drift (increased)

Woodland ground beetle (Abax ater)

McCluney et al., 2018
Shrewsbury and Raupp, 2000
Speight et al., 1998

Dale and Frank, 2014, 2017
Bang and Faeth, 2011

Sattler et al., 2010

Desender et al., 2005

P Selection

Peppered moth (Biston betularia)

4 A4 A4 > < A A A A > A A A -

van't Hof et al., 2011, 2016;
Cook and Saccheri, 2013

Columns show the ecological or evolutionary response; the abiotic urban factor driving the response includes the urban heat island effect (UH), water availability (WA), pollution (P),
and habitat fragmentation (HF); the specific response to the abiotic urban factor; the common and scientific name (when available); the climate type that the study was performed in as

temperate (T) or arid (A); and the citation for the studly.

Physiological Effects

Urbanization can alter water availability through changes in air
temperature, humidity, and soil moisture (Hadley, 1994; Sabo
et al., 2008; McCluney and Sabo, 2009; Chown et al., 2011;
Chown and Dufty, 2015), which can have important physiological
consequences for arthropods. Specifically, dehydration is lethal
for many arthropods (Hadley, 1994). Water stress likely varies
within and between cities, based on the heterogeneous nature
of urbanization (Hope et al., 2003; Martin et al., 2004; Schwarz

et al,, 2015). For example, in the arid city of Phoenix, AZ, USA,
aphid abundance within the city is positively correlated with
the areas of the city that have increased water availability, a
phenomenon caused by irrigation of lawns and parks within the
city (Andrade et al., 2017). Because of supplemental water use,
arid cities often have reduced water stress on average compared
to temperate cities and compared to non-urban areas with similar
climate (Buyantuyev and Wu, 2009). For example, during periods
of drought, arthropods were less dehydrated in Phoenix, AZ,
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than arthropods in a temperate city like Raleigh, NC, because the
arid city has increased water available compared to non-urban
areas as described above. By contrast, temperate cities may also
have elevated irrigation in places, but impervious surfaces quickly
funnel water to storm drains and sewers instead of into the soil
(McCluney et al., 2017). During periods of drought when the
soil moisture is depleted, mobile arthropods moved to areas with
more water sources. The herbivorous arthropods with reduced
mobility significantly increased herbivory on host trees to meet
their water demands (McCluney et al., 2018). Therefore, during
periods of drought and higher temperatures in temperate cities,
where there is less supplemental water available than in arid
cities, there can be significant increases in herbivory relative to
non-urban areas.

In addition to water availability, urban heat islands can have
variable physiological effects on species depending on their
thermal optima. Species with higher critical thermal optima tend
to be better able to survive in urban areas compared to those with
lower critical thermal optima (Youngsteadt et al., 2015; Hamblin
et al.,, 2017). Consequently, species with lower critical thermal
optima disproportionately experience population declines in
urban areas (Hamblin et al, 2017). Although there seems to
be significant variation in thermal tolerance between species,
heat tolerance can also be sex-specific. Experimental heatwaves,
similar to those found in urban areas, significantly reduced
male fertility in the red flour beetle, Tribolium castaneum (Sales
et al,, 2018). Specifically, male reproductive output was 50%
reduced following a heatwave which also carried over to the next
generation, and males experienced an even greater reduction in
reproduction following a second heatwave. By contrast, females
experienced no change in reproductive output under the same
heat stress (Sales et al., 2018). Herbivorous arthropods are not
only subject to declines from experiencing increased maximum
temperatures in urban areas, but also from extended warmer
nighttime periods, which can exacerbate the detrimental effects
of heat. For example, experimental warming at night reduced
survival for the English grain aphid, Sitobion avenae, and reduced
adult longevity and fecundity, which together reduced overall
population abundance (Zhao et al, 2014). Thus, the diurnal
and seasonal effects of elevated urban heat can have detrimental
fitness consequences for herbivorous arthropods.

Phenological Shifts

Phenological shifts are expected to occur in herbivorous
arthropods when there are phenological limitations associated
with lower and upper thermal tolerance (Figure 3). When
summer temperatures do not exceed the upper thermal tolerance
of organisms, but nevertheless maintain longer warm periods,
then we expect an overall longer season in which species
are active. When summer temperatures exceed an organism’s
thermal tolerance, we expect shifts in phenology to earlier
(spring) or later (fall) seasons, which may also be shorter if
lower thermal tolerance limits do not shift equally. For these
reasons, urban heat islands cause some arthropods to shift their
phenology, emerging earlier in the spring or later in the fall.
For example, in an analysis of 28 species of butterflies in the
United Kingdom, those species found in urban areas emerged

250 4 ——No Change = = Early/Short === Early/Long = - -Late

200 A

o
o

Abundance
8

50 4

FIGURE 3 | Conceptual illustration of phenological shifts due to the urban
heat island effect. Depending on the species’ thermal optima and tolerance,
the urban heat island effect can result in no change from the natural
emergence time (solid line), earlier emergence, potentially with a shorter
season (long dash), earlier emergence with an extended season (short dash),
or a late emergence, potentially with a shorter season (dash-dot).

earlier than the species found in non-urban areas (Dennis et al.,
2017). Although urban butterfly species emerged sooner, their
total breeding time was generally shorter than that of rural
species, indicating that urban butterfly species breed sooner but
for a shorter period of time than rural ones (Dennis et al,
2017). Within species, a trend toward earlier emergence in urban
areas was observed for 4 of 20 butterfly species studied in Ohio
(USA), but another seven species showed significant shifts toward
delayed emergence in urban compared to rural populations, and
their breeding season was similarly shorter for these species
(Diamond et al., 2014). While the breeding season may be shorter
for many urban butterflies, other arthropods experience both
earlier emergence and an extended breeding season. For example,
in New Jersey (USA), urban and agricultural bee communities
emerge sooner in the spring than non-urban bees and their
breeding season is extended into the fall compared to non-
urban bees that end their season in the summer (Harrison et al.,
2018). Although the summer season was extended for urban bee
communities in general, this extended season is likely species-
specific as the bee community assemblages vary significantly
between urban and non-urban habitats (Harrison et al., 2018).
Therefore, it appears as though a species’ thermal tolerance may
be one indicator for whether and how urbanization will shift the
phenology of an organism (Figure 3).

Behavioral Shifts

One way that herbivorous arthropods cope with novel urban
environments is by changing behavior. Anthropogenic light
pollution is inherent to all urban areas and it can disrupt an
organism’s circadian rhythm (Cinzano et al., 2001; Gaston et al,,
2013). Attraction to light can have detrimental consequences
for organisms through direct burning from the light source

Frontiers in Ecology and Evolution | www.frontiersin.org

August 2019 | Volume 7 | Article 310


https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org
https://www.frontiersin.org/journals/ecology-and-evolution#articles

Miles et al.

Urban EvoEco Interactions

and increased exposure to predators (Warren, 1990; Jones
and Francis, 2003). Several arthropod predators (e.g. toads)
congregate around lights to take advantage of the flight-to-
light behavior (Larsen and Pedersen, 1982). In response to
the increased risks associated with flight-to-light in artificially
lit urban areas, Altermatt and Ebert (2016) found that some
herbivorous arthropods reduce their propensity to fly to light.
Urban populations of the herbivorous small ermine moth,
Yponomeuta cagnagella, avoid light more than non-urban
populations (Altermatt and Ebert, 2016). However, reduced
attraction to light may be species-specific and may also be
influenced by variation in the lit environment. For example, when
street lamps are at high densities, with spectrally diverse light,
more moth species are attracted (Plummer et al., 2016). Large
moth species are more attracted to light with lamps at high
density, whereas small moth species are more attracted to UV-
emitting lamps (Plummer et al., 2016). Therefore, the behavioral
response to urban factors may be taxon specific. The attraction
to light may be linked to body size, where larger arthropods are
less timid and thus more attracted to light while smaller ones are
more sensitive to predation and thus avoid light in urban areas.
It is unclear whether these changes in behavior are the result of
phenotypically plastic responses or evolved adaptations, which
represents an important avenue for future research.

Population and Community Shifts

The multifarious changes in the environment due to urbanization
frequently have large effects on the population ecology of
herbivorous arthropods. On average, native species experience
reduced abundance and extirpation in urban areas (McIntyre,
2000; Faeth et al., 2005, 2011; Sadler et al., 2006; Sanchez-Bayo
and Wyckhuys, 2019). The urban heat island effect can also
reduce the abundance of herbivorous arthropods. For example,
wild bee abundance declined for every degree Celsius increase
caused by urban warming in Raleigh, NC (Hamblin et al., 2018).
However, the urban heat island effect can increase population
abundance for several herbivorous arthropods, leading to pest
outbreaks (Dale and Frank, 2014, 2018; Lahr et al., 2018; Meineke
et al., 2018). The scale insect pest, Melanaspis tenebricosa, was
most abundant in warmer patches in the city than in cooler
patches, causing an infestation on urban street trees which
resulted in significant tree damage (Dale and Frank, 2014). Given
the differences in abundances among different species, these
population responses may be tied to thermal tolerance limits
such that the urban heat island causes temperatures beyond a
species’ tolerance.

Pollution, such as insecticides, will drastically reduce the
total abundance of many arthropod species. Pest species, such
as termites, are often the target of insecticide use in urban
areas as they can cause $40 billion USD annually in damage
to human built structures (Rust and Su, 2012). The insecticide
use for termites has led to substantial declines in many species
of pest termites and new technologies have been developed
to reduce the impact of pesticides on non-target species (Su,
2002). Insecticide and herbicide use in agriculture and field
margins have caused significant declines in moths and butterflies
(Erhardt and Thomas, 1991; Hahn et al., 2015; Forister et al.,

2016; Hallmann et al., 2017). In urban gardens, insecticide and
herbicide use also causes population declines of local butterfly
species (Muratet and Fontaine, 2015). Interestingly, when a
targeted pesticide is used and successfully eliminates the target
pest, non-target herbivorous pests can experience population
outbreaks (Szczepaniec et al., 2011). Regardless of the type of
pesticide used, there are typically overall population declines in
both pest and non-pest species of herbivorous arthropods.

Environmental heterogeneity in the urban environment leads
to reduced arthropod abundance (McIntyre et al., 2001; Rickman
and Connor, 2003; Philpott et al.,, 2014; Vergnes et al., 2014;
Smith et al, 2015; Egerer et al, 2017). For example, in
Phoenix, AZ, the natural desert and agricultural locations had
a significantly higher abundance of herbivorous arthropods
than industrial locations (McIntyre et al., 2001). The reduction
in abundance is correlated to both habitat type and percent
impervious surface with desert having the lowest and industrial
having the highest percent impervious surface within the city
(McIntyre et al., 2001). The shifts in population abundance
are likely species-specific, with pests experiencing “outbreaks”
and natives in population decline. As we discuss in the next
paragraph, such population shifts are expected to result in
changes to the community assemblages within urban areas
compared to non-urban habitats.

The total diversity of arthropods in cities can be comparable
to the diversity in non-urban areas due to the presence of
non-native taxa, which also alter the community composition
(Bolger et al., 2000; McIntyre, 2000). Habitat fragmentation in
particular has been identified as a driver of shifts in community
assembly, whereby communities in habitats that are highly
fragmented tend to have more generalist and invasive non-
native species than communities with less habitat fragmentation
(Bolger et al., 2000; Gibb and Hochuli, 2002; Sattler et al.,
2010). Many plants in the urban environment are non-native
(Pysek, 1998; McKinney, 2004; Pickett et al.,, 2011). This can
lead to an abundance of native generalist herbivores, whereas
native specialist herbivorous arthropods are likely to experience
population declines in urban areas due to a lack of their native
host species (Burghardt et al., 2010).

Adaptive and Non-adaptive Evolution

The effects of urbanization on the ecology of arthropods also
suggest that urban development could have large impacts on the
evolution of arthropod populations. Urbanization can influence
gene flow by either creating barriers, such as roads and habitat
fragmentation that reduce gene flow (Holderegger and Di
Giulio, 2010; Storfer et al., 2010), or habitat corridors and
human-mediated dispersal that increase gene flow (Crispo et al.,
2011; Arredondo et al., 2018; Miles et al.,, 2018a,b). Perhaps
unsurprisingly, urbanization more frequently reduces gene flow
for herbivorous arthropods (Desender et al., 2005; Davis et al.,
2010; Schoville et al., 2013; Lopez-Uribe et al., 2015; Vickruck and
Richards, 2017) than it elevates it (Keller et al., 2004; Desender
et al., 2005; Dronnet et al., 2005). In fact, when calculating the
mean pairwise differentiation from the studies that measured the
degree of population structure (N = 6; Supplemental Table 1),
which is directly affected by the amount of gene flow, there

Frontiers in Ecology and Evolution | www.frontiersin.org

August 2019 | Volume 7 | Article 310


https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org
https://www.frontiersin.org/journals/ecology-and-evolution#articles

Miles et al.

Urban EvoEco Interactions

is slightly higher and more variable genetic differentiation
(measured by the fixation index Fsr) between urban populations
than between non-urban populations; however, this trend is not
significant [ty = 1.24, p = 0.26; Figure 4A]. The paucity of
studies that measure genetic differentiation between urban and
non-urban populations of herbivorous arthropods may be due
to the relatively new field of urban evolution and thus patterns
of genetic differentiation may become clearer once there are
more studies.

Similarly, urbanization typically increases the importance
of genetic drift, due to habitat loss that reduces the total
population size and fragmentation that reduces local population
sizes and restricts gene flow, all of which can reduce the
effective population size (N.) (Johnson and Munshi-South 2017).
This increased genetic drift results in reduced genetic diversity
within urban populations of herbivorous arthropods (Keller
et al., 2004; Desender et al., 2005; Vandergast et al., 2009;
Schoville et al., 2013; Lépez-Uribe et al., 2015; Vickruck and
Richards, 2017). There is 18% less genetic diversity, measured
as observed heterozygosity (Hp), in urban compared to non-
urban populations across the studies that measured genetic
diversity (N = 8); however, this trend is also non-significant
[ty = 1.19, p = 0.27; Supplemental Table 1; Figure 4B]. If
a reduction in genetic diversity is supported more strongly
with further studies, then the loss of genetic diversity within
urban populations can have multiple negative consequences. Low
genetic diversity within populations can increase inbreeding,
which can lower fitness due to inbreeding depression and thus
reduce local population viability through greater risk of local
extinction (Young et al., 1993, 1996; Lowe et al., 2005). Reduced
genetic diversity also reduces adaptive evolutionary potential for
populations responding to changing environments (Young et al.,
1996; Holderegger and Di Giulio, 2010). Therefore, non-adaptive
evolution may have a strong influence on the persistence of urban
populations for both short-term and long-term.

For populations of herbivorous arthropods that persist or
even thrive in urban environments, it is likely that many have
undergone rapid evolutionary change (i.e., adaptive evolution) in
this new habitat. To date, the peppered moth, Biston betularia,
is the only herbivorous arthropod that has been studied in
the context of urban adaptation. The industrial pollution that
discolored the habitat of the peppered moth, B. betularia, led to
an increase in selective predation on the light-colored morph,
thus increasing the frequency of the darker-colored morph
until pollution mitigation efforts were put in place (Kettlewell,
1955, 1958; Brakefield and Liebert, 2000; Cook et al., 2005;
van’t Hof et al., 2011, 2016; Cook and Saccheri, 2013). While
urbanization can cause direct selective pressures on organisms
that live in urban habitats, urban landscapes may also indirectly
select for species with specific characteristics. For example,
flightless species of beetles are more commonly found in rural
environments while species that are capable of flight are found
more often in urban environments (Niemeld and Kotze, 2009;
Vergnes et al., 2014). These differences in species composition
indicate that the urban environment selects for dispersal traits
that facilitate movement across highly fragmented urban areas
(Vergnes et al., 2014; Aronson et al., 2016). However, it is unclear

whether the urban environment acts as an agent of natural
selection on the beetle populations. Given all of the factors
associated with urbanization that potentially impose natural
selection on herbivorous arthropods, there is a need for studies
that investigate adaptive evolution. Much of the current literature
on adaptive evolution in urban environments is in vertebrate
populations, which are often of conservation concern (Rivkin
et al., 2018).

HOW URBANIZATION AFFECTS
PLANT-HERBIVORE INTERACTIONS

The relationship between urbanization and arthropod herbivory
depends both on the degree of urbanization and an herbivore’s
feeding guild (i.e., leaf-chewing, piercing-sucking, gall-forming,
etc.). Previous research has suggested a positive relationship
between urbanization and herbivory (Cregg and Dix, 2001). For
example, a study of herbarium specimens of four plant species,
originating from a region (Northeastern US) that experienced
substantial urban development over the past 100+ years, found
increasing rates of herbivory through time (Meineke et al., 2018).
Conversely, a previous meta-analysis identified no significant
correlation between habitat fragmentation and herbivory when
considering studies of urban and non-urban sites, even though
the abundance and diversity of herbivores decreased (Rossetti
et al,, 2017). However, other studies suggest that leaf damage in
response to fragmentation may be similar among urban and non-
urban areas: Christie and Hochuli (2005) found greater herbivory
among small remnant edges than among large remnant edges as
well as interior sites of both small and large remnants in urban
areas, while De Carvalho Guimardes et al. (2014) also found that
non-urban edge sites experienced more herbivory than interior
sites, especially from Lepidoptera and Orthoptera.

Given the scarcity of studies directly linking urbanization
to levels of arthropod herbivory, there is no consensus for
which patterns of urban herbivory will occur most often and
in various types of cities. Small urban parks may be expected
to experience greater herbivore damage than large parks under
the predictions posited by Christie and Hochuli (2005) and
De Carvalho Guimaraes et al. (2014). However, urban parks
may experience similar levels of herbivory damage regardless
of size under the prediction posed by Rossetti et al. (2017).
While relatively few cases have directly linked urbanization
with herbivory, several studies shed light on the processes
that shape plant-herbivore interactions in cities. These studies,
discussed below, illuminate how bottom-up and top-down forces
associated with urbanization influence herbivores by benefiting
or harming them and their host plants.

Bottom-Up Effects

Urban environmental stressors on plants, including water stress,
elevated temperature, and pollution, may affect arthropod
herbivores directly, as described in Section “Urban Factors That
Can Influence Ecology and Evolution,” or indirectly via bottom-
up effects. The Plant Stress Hypothesis (Figure 2) posits that
plants subject to stress may decrease investment in defenses
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FIGURE 4 | Effect of urbanization on (A) genetic differentiation between populations measured as Fgr, and (B) genetic diversity within populations measured as
observed heterozygosity (Hp). Measures of Fg1 are the mean of pairwise values between urban populations and the mean of pairwise values between non-urban
populations, extracted from the studies (Supplemental Table 1) of non-adaptive evolution in herbivorous arthropods. Measures of Hq are the mean values of urban
populations and the mean values of non-urban populations extracted from the studies of non-adaptive evolution (Supplemental Table 1).

0.6

0.5

0.4

0.3

Observed heterozygosity (He)

0.2
[ ]
0.1
0.0
Non-Urban Urban

and thus endure greater herbivore damage (White, 1969, 1984;
see Price, 1991 for review). Two aspects of urbanization, soil
compaction and widespread impervious surface coverage, can
prevent the absorption of nutrients and water into host plants
and render them more susceptible to herbivore colonization
(Speight et al., 1998; Huberty and Denno, 2004). Decreased
water absorption may also cause plants to have concentrated
phloem, with higher amino acid content than watered plants,
which can be beneficial to some phloem-sucking insects such
as aphids (White, 1984, 2009; Schmitz, 1996), though there is
conflicting evidence regarding the effects of chronic water stress
on leaf-chewing and phloem-sucking arthropods (Mattson and
Haack, 1987; Huberty and Denno, 2004; Meineke and Frank,
2018). Elevated temperatures caused by the urban heat island
effect further induces water stress in plants, which makes them
grow less and become more susceptible to herbivory in some
circumstances (Meineke and Frank, 2018). Water stress also
induces stomatal closure, which conserves water but decreases
photosynthesis, potentially reducing herbivory from phloem-
suckers (Schaffer and Mason, 1990; Hawkes and Sullivan,
2001). As mentioned earlier, elevated urban temperatures that
cause decreased arthropod hydration can also lead to increased
herbivory (Sabo et al., 2008; McCluney and Sabo, 2009; McCluney
etal,, 2017). Sap-feeding herbivores may profit from intermittent
host water stress (i.e., the Pulsed Stress Hypothesis) by way of
increases in nitrogen produced by plants undergoing periodic
episodes of stress and recovery (White, 1984; Huberty and
Denno, 2004). Roadside herbivores may benefit from leaves with
increased nutritional value on trees stressed by de-icing salts
(Kropczynska et al., 1988). Fine particulate matter pollutants
may further facilitate herbivore attacks, possibly as a result of
compromised plant defense (Dohmen, 1985). Thus, the bottom-
up effects of urbanization affecting plant defensive chemistry and
physiology can benefit herbivores according to the predictions of

the Plant Stress Hypothesis (White, 1984), which are associated
with detrimental effects on plant growth and fitness.

Urbanization can also increase nutrient deposition and elevate
atmospheric carbon dioxide in some circumstances, which can
effectively fertilize urban plants and increase their fitness, with
concomitant positive effects on herbivore populations. Although
the two hypotheses are not mutually exclusive, the Plant Vigor
Hypothesis (Figure 2) posits that plants exhibiting vigorous
growth may be more susceptible to herbivores and consequently
suffer from greater herbivore attack (Price, 1991). Given that
plants that thrive in urban areas often prefer high levels of
nutrients (Lososova et al., 2006), and they are often limited by
nitrogen for growth (LeBauer and Treseder, 2008; Fay et al,
2015), the addition of nutrients from fossil fuel combustion and
artificial fertilizers is likely to benefit some herbivores through
increased host productivity and quality in specific contexts
(Martin and Stabler, 2002; Shochat, 2004; Raupp et al., 2010).
For instance, some woody plants exposed to increased nutrient
availability benefit urban herbivores including mites, scales, and
adelgids (Herms, 2002). Elevated carbon dioxide emission, which
is characteristic of cities, can lead to elevated plant growth
and reproduction (Bidart-Bouzat et al., 2005). However, these
benefits may be counteracted if increased plant growth leads
to greater herbivory (Bezemer and Jones, 1998; Stiling and
Cornelissen, 2007; Bidart-Bouzat and Imeh-Nathaniel, 2008;
Massad and Dyer, 2010). Thus, though multiple aspects of
urbanization may enhance plant fitness, these benefits may
be short-lived if increased plant vigor ultimately results in
intensified herbivore attacks and consequently increases top-
down pressure from herbivores.

Top-Down Tri-trophic Effects
Urbanization can also alter top-down tri-trophic cascades
(Figure 2). Some insect-eating bird species such as rock pigeons,
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Columba livia, and the European starling, Sturnus vulgaris,
experience high abundance in cities (Aronson et al., 2014), likely
because of decreased predation risk (Faeth et al., 2005) and
increased food availability (Marzluff et al., 2001), such as through
supplementary feeding by humans (Orros and Fellowes, 2012).
This increase in bird abundance has been linked to increased
predation on urban arthropods (Marzluff et al., 2001; Shochat,
2004), which may also be responsible for decreased foliage loss to
some trees (Kozlov et al., 2017). However, more work is needed
to understand the role of urbanization in shaping insectivorous
bird-prey interactions, as our knowledge is limited to very few
studies that suggest that the role of increased bird predation in
decreasing herbivore abundance may be weaker than previously
thought (but see Faeth et al., 2005; Bang et al., 2012; Turrini et al.,
2016). For example, urbanization reduced both insectivorous
birds and the gall-forming fly, Eurosta solidaginis, disrupting the
typical stabilizing selection of gall size that is found in non-urban
areas and thus dampening tri-trophic effects (Start et al., 2018).

Predation from both urban birds and insects may help
suppress herbivore outbreaks, though the reduction of
herbivores’ natural enemies could release herbivores from
predator pressure and lead to their proliferation (Raupp et al.,
2010). Other tri-trophic cascades reviewed by Aronson et al.
(2016), including host-parasite and songbird-nest predator
relationships, have been reported to collapse in urban areas
(Rodewald et al., 2011; Fischer et al., 2012; Calegaro-Marques
and Amato, 2014; Nelson and Forbes, 2014). However, some
multi-trophic relationships may persist, as seen with the
sustained stability of an ant-aphid mutualism despite existence
in a harsh urban environment (Rocha and Fellowes, 2018). More
work is needed to clarify the ways in which urbanization affects
plant-herbivore-predator interactions, though the majority of
studies on tri-trophic interactions suggest a disadvantage to
herbivores and thus increase in urban plant fitness.

Evolution of Plant Defenses

Plant defense mechanisms play a large role in structuring the
bottom-up and top-down community forces that mediate urban
plant-herbivore interactions. Though our understanding of
how urbanization influences the evolution of these defense
mechanisms is limited, existing research suggests that
urbanization can influence the evolution of plant chemical
defenses. Presently this has only been studied in white clover,
Trifolium repens, which exhibits a Mendelian polymorphism
for the production of hydrogen cyanide (HCN), a toxic anti-
herbivore chemical defense. At least two studies have shown
that plant populations evolve decreased production of HCN
within cities, but this evolution does not seem to be related
to changes in herbivory. The decreased HCN is instead due
to how the presence of the chemical defense affects cold
tolerance (Thompson et al., 2016; Johnson et al., 2018). HCN-
producing clover experience reduced frost tolerance, whereby
lower minimum winter temperatures in cities select against
HCN producing plants, in favor of genotypes that lack HCN
(Thompson et al., 2016). In addition to chemical defenses, which
include secondary metabolites such as cardenolides and tannins
(Cipollini and Stiles, 1992), other plant defense mechanisms

may be structural (e.g., wax layers, trichomes, thorns; Alba
et al,, 2011) or phenological, where a plant engages in quick
regeneration of vulnerable tissues or avoids herbivory at certain
life stages (Saltz and Ward, 2000). Conversely, indirect defenses
may involve the recruitment of other organisms (e.g., predators,
host-seeking herbivore parasites) to prey on attackers to liberate
the plant from herbivory (Sabelis et al., 2001). Studies have also
shown that, under relaxed predation threat from herbivores,
plants may rapidly evolve a weakened resistance response
while increasing their competitive ability (Agrawal et al., 2012;
Zist et al., 2012). Future studies investigating the frequency
or strength of these defensive strategies in an urban context,
such as along an urban-rural gradient, would advance our
understanding of the evolution of plant-herbivore interactions
in response to urbanization.

CONCLUSIONS AND FUTURE
DIRECTIONS

Identifying how the ecology and evolution of plant-herbivore
interactions are impacted in urban environments will contribute
to understanding the role humans play in shaping our
environment. As the field is rapidly growing, emerging research
cannot be easily simplified into overarching trends: many of
the abiotic factors that influence urban herbivorous arthropods
appear to be taxon-specific, and the literature suggests varying
responses to top-down and bottom-up influences such that some
communities stabilize quickly in response to urbanization while
others do not. Below, we discuss four research priorities that, if
addressed, would markedly improve our understanding of the
relationship between urban plants and herbivorous arthropods.

Research in Tropical Cities
The majority of studies focusing on urban plant-herbivore
interactions have been conducted in temperate or arid climates.
In fact, Raleigh, NC (temperate) and Phoenix, AZ (arid) are
overrepresented in much of the studies that identify how
urbanization influences herbivorous arthropods and plant-
herbivore interactions. One of the reasons that Phoenix, AZ, is
overrepresented in this literature is because of the Long-Term
Ecological Research (LTER) site, Central Arizona-Phoenix (CAP-
LTER), which specifically researches how urbanization influences
ecology (Kaiser, 1997). Recently, Magle et al. (2012) identified
that the majority of urban wildlife and conservation studies were
in North America and Europe, noting that there is a need for
future research in tropical ecosystems. Currently, there remains a
paucity of tropical urban studies that investigate urban ecology
and evolution. This is particularly troublesome as the tropics
in Asia, South America, and Africa, which contain some of
the world’s most prominent and important biodiversity hotspots
(Myers et al., 2000; Mcdonald et al., 2008), are areas that are
experiencing rapid human population growth and urbanization
(Chace and Walsh, 2006).

Many of the conclusions have been taken from studies of
temperate regions and one arid region. This limits the overall
scope of the many influences that urbanization can have on
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the ecology and evolution of organisms. For example, water
availability varies between types of cities, with temperate cities
being less water scarce than arid cities. Perhaps in tropical cities
there is less of a pressure for water availability because of natural
rainfall. Not only is there a need for studies in the tropics, but
also a quantification of the possible stressors that occur between
urban and non-urban habitats in each of these ecotypes.

Evolutionary Dynamics

There is a paucity of studies that examine how urbanization
affects the evolution of herbivorous arthropods. Perhaps most
striking is that only the classic peppered moth has been studied
in the context of human impacts on adaptive evolution of
an herbivorous arthropod in cities (Kettlewell, 1955, 1958;
Brakefield and Liebert, 2000; Cook et al., 2005; van’t Hof et al.,
2011, 2016; Cook and Saccheri, 2013). In recent reviews of
evolution in urban environments, it has been noted that there are
only a few studies that have identified evidence for adaptation
to urbanization (Donihue and Lambert, 2015; Johnson and
Munshi-South, 2017; Rivkin et al., 2018). Urban adaptation
has been studied in birds (Yeh, 2004; Partecke and Gwinner,
2007; Mueller et al., 2014), mice (Harris et al., 2013), fish
(Whitehead et al., 2010; Wirgin et al., 2011), and even one plant
(Cheptou et al., 2008). Studies of urban adaptation continue
with a bias toward vertebrates, particularly those of conservation
concern (Rivkin et al., 2018). However, given the vastly different
life histories, genome sizes, and even mutation rates between
vertebrates and invertebrates (e.g., Allio et al., 2017), there
remains a large gap in our knowledge of how arthropods may
be adapting to the urban environment. Future studies should
not only identify potentially adaptive phenotypes, but also
investigate the underlying genomic basis of these adaptations.
With rapid advances in genome sequencing (Ekblom and
Galindo, 2011; Andrews et al,, 2016), it is becoming easier and
more cost-effective to incorporate more taxa into studies of
genome evolution.

Reciprocal Feedbacks Between Ecology

and Evolution
It is imperative to account for the interrelationship between
ecological and evolutionary processes when studying urban
plant-herbivore interactions. Though the fields of urban ecology
and urban evolution are still young, it is essential to integrate
these perspectives to gain a more complete picture of the eco-
evolutionary feedbacks that shape plant-herbivore interactions.

The ecological impacts of urbanization on the evolution
of organisms that live in cities is not well-understood, let
alone the specific eco-evolutionary relationship between urban-
dwelling plants and herbivorous arthropods. Most of our
current knowledge of how urbanization affects the evolution
of plant defense comes from a single system- white clover,
Trifolium repens. It would be valuable to understand how
urbanization influences the evolution of plants with varying
defense mechanisms in a variety of species, especially those with
coevolved specialist herbivores.

Eco-evolutionary feedbacks in urban settings have also been
explored in the context of phenotypic selection. Start et al. (2018)

describe a tri-trophic interaction among the plant goldenrod,
Solidago altissima, a gall-forming parasitic fly, Eurosta solidaginis,
and the fly’s own predator community, composed of two bird and
three parasitoid species. In the absence of urbanization, gall size
has been shown to be under stabilizing selection; birds tend to
attack larger galls while parasitoids colonize smaller galls (Weis
and Abrahamson, 1985). However, the authors conclude that
urbanization liberates gall size from this form of selection as
gall abundance and avian predation, but not parasitoid presence,
increased with distance from the urban center (Start et al,
2018). More research is needed to elucidate the consequences
of urbanization on the evolution of multiple populations within
communities, and how these ecological changes can then affect
community dynamics and patterns.

Heterogeneity of the Urban Landscape

Land use change, habitat fragmentation, and disturbance, which
are inherently high in urban areas, are expected to influence
population dynamics, the diversity and composition of species,
as well as adaptive and non-adaptive dynamics of populations
(Rivkin et al., 2018). Although cities tend to exhibit similarities
such as increased impervious surface, they can vary in the history
of development, disturbance, vegetation cover, and climate
(McDonnell et al., 2009; Niemeld, 2011). Additionally, cities
are often a mosaic of habitats, with significant heterogeneity of
land-use types and constant changes to the landscape within
the city (Niemeld, 2011; Pickett et al., 2017). Currently, the
consequences of heterogeneity within and between cities has
been through the lens of population genetics in vertebrate taxa
(reviewed in Rivkin et al., 2018). The effect of such habitat
changes and disturbance has not been investigated in the context
of plant-herbivore interactions and should be a priority for
future research.
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